INTRODUCTION
The Office of Transportation and Air Quality (OTAQ) of the U.S. Environmental Protection Agency (U.S. EPA) is currently evaluating progress in the development and application of NOx exhaust emission control systems for heavy-duty diesel trucks, buses, and light-duty diesel vehicles. This evaluation will gauge progress towards meeting new U.S. Federal Heavy-duty Engine emissions standards for heavy-duty buses and trucks that will phase-in beginning with model year 2007. It will also provide information to EPA on progress being made to introduce clean, fuel-efficient diesel technology that can be certified to meet the new U.S. Federal Light-duty Tier 2 emission standards that will phase-in for passenger vehicles between the 2004 and 2007 model years. This report summarizes testing conducted on a mid-size lightduty diesel passenger vehicle incorporating recently developed technology to control NOx and PM emissions to very low levels. The vehicle was provided by Toyota Motor Corporation.
The Toyota Avensis Diesel is currently under development for the European market with a target of having lower emissions than the European Stage IV emission levels. This vehicle is not intended for sale in the U.S., and has not been specifically developed to meet current or future U.S. vehicle emission standards.
TEST PROCEDURES

VEHICLE DESCRIPTION
The vehicle tested was a new version of the Toyota Avensis mid-size light-duty passenger vehicle marketed by Toyota in Europe. Major vehicle specifications are summarized in Table 1 . The vehicle is equipped with a turbocharged, direct-injection diesel engine. The new Toyota Avensis diesel engine uses an electronically controlled high-pressure common-rail fuel system, highpressure-loop electronically controlled EGR, and an electronically controlled intake throttle.
Under some light-load conditions, the engine operates using a smokeless low-temperature combustion mode developed by Toyota Motor Corporation 1 . The Toyota Avensis was also equipped with Toyota's Diesel Particulate -NOx Reduction (DPNR) system 2 . This system incorporates a NOx adsorber catalyst and a catalyzed diesel particulate filter within a single catalyzed wall-flow monolith. Toyota has previously demonstrated NOx and PM emissions reductions of greater than 80% for this type of exhaust emission control system. The vehicle was also equipped with a diesel oxidation catalyst (DOC) for additional control of hydrocarbon and CO emissions.
The vehicle provided by Toyota was a pre-production engineering prototype with relatively low accumulated mileage. As such, emissions performance should be considered to be for a relatively unaged catalyst and emission control system. The vehicle tested is similar to the 60 vehicles that will participate in an 18-month monitoring program in Europe during 2002-2003 3 . The fuel used for all testing was Phillips Chemical Company Lot 1APULD02. This fuel was similar to that specified by the U.S. Department of Energy's Diesel Emission Control-Sulfur Effects (DECSE) program to have properties comparable to today's on-highway fuel with the exception of very low sulfur content. The engine was originally calibrated for use with diesel fuels available in Western Europe. Approximately 0.1% by mass of a common cetane additive (Ethyl Corporation, HiTEC 4103 Cetane Improver) was added to the fuel. The cetane additive (chiefly 2-ethylhexyl nitrate) was added to raise cetane number from 43 to 50 in order to provide compression ignition properties closer to that of fuels for which the engine was originally calibrated. The properties of the fuel used are summarized in Table 2 .
TEST FUEL
TEST CYCLES
Examples of the driving traces used for chassis dynamometer testing are presented in the appendix. The vehicle was tested using the full range of chassis dynamometer test cycles required for Tier 2 certification. This included the FTP75, US06, SC03, and highway fuel economy driving cycles. The environmental conditions of the SCO3 test were simulated using a modified version of the AC2 test procedure 4 . The modifications to the AC2 procedure included operation at ambient conditions of 35 ºC ± 1 ºC with the vehicle windows down and the air-conditioner at its lowest temperature setting. The vehicle was also tested using the New York City Cycle to simulate operation in heavily congested urban areas. 
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FACILIITIES
Testing was conducted at the U.S. EPA National Vehicle and Fuel Emission Laboratory (NVFEL) in Ann Arbor, MI USA. The vehicle was tested using a 48"-diameter single-roll, electric chassis dynamometer. A summary of track and dynamometer coast-down data, including the derived dynamometer coefficients, is included in the Appendix. Vehicle exhaust was diluted using a full-flow, low-particle-loss dilution system developed by EPA. A description of the features of this system is included in the appendix. A PHILCO CFV-CVS was used for flow control of the dilute exhaust, and was operated at a nominal flow-rate of 750 scfm. Table 3 contains a summary of the exhaust gas analytical equipment used. 
RESULTS
Emissions and fuel economy results are summarized in Table 4 . PM emissions over the FTP75 drive cycle were at approximately one-half of the Tier 2 standards for certification bins 2 through 6. The NOx and NMHC emissions were at or just under the Tier 2 bin 5 50,000 mile FTP emission standards. Approximately 75% of the emissions during phase-1 of the FTP75 were from the second of the five accelerations following the cold-start (figure 1). Immediately after the second acceleration, minimal additional NOx was accumulated over phase-1. NOx emissions over phase-2 of the FTP75 were essentially zero. During phase-3 of the FTP75, the accumulated mass of NOx emissions was only ~10% of the mass accumulated over phase-1. As with phase-1, a majority of the NOx emissions accumulated over phase-3 of the FTP75 were associated with the second acceleration following the hot-start. NOx accumulated as a series of "break-through" events that occurred primarily over the first half of the US06 (figure 2). NOx emissions were at or below background levels over the SC03, HWFET, and NYCC drive cycles. NMHC emissions were roughly comparable over phase-1 and phase-3 of the FTP75 test. Emission levels of NMHC for the hot-stabilized (phase 2) portion of the FTP were approximately half that of phases 1 and 3. Hydrocarbon mass-emissions appeared to accumulate at near-constant rates over each phase of the FTP75 (figure 1) and over the over the US06 (figure 2), SC03, and HWFET drive cycles. It is possible that NMHCcontrol with this vehicle would benefit from additional oxidation catalyst volume or activity.
The measured mass emissions from the continuous heated FID measurement had coefficients of variance of approximately 20 to 50% over the range of drive cycles. This was likely due to the very low level of measured NMHC emission. Additional testing using more sensitive HFID instrumentation would be necessary to draw further conclusions with respect to NMHC emissions from this vehicle at such low emission levels.
NOx and HC emissions from the Toyota Avensis DPNR over phase-1 of the FTP75 test are compared to those of a similar gasoline vehicle certified to California LEV-I LEV standards in figure 3 . Stabile control of NOx emissions occurred later for the Toyota Avensis DPNR, indicating a somewhat longer period prior to NOx storage and/or light-off compared to the time to light-off for a conventional 3-way LEV catalyst system. NOx emissions, however, were considerably less for the Toyota Avensis DPNR in the period prior to achieving the NOx light-off temperature, which would indicate lower engine-out NOx emissions than the gasoline LEV vehicle immediately following the cold-start or some low temperature NOx storage depending on the engine-out level of NO 2 present in the exhaust at such relatively low exhaust temperatures. (table 6) . Fuel economy was less than the highest fuel economy diesel vehicle currently offered for sale in the U.S., the 2002 VW Jetta Wagon. It should be noted that the VW Jetta Wagon is a lighter vehicle. The Jetta was also certified to U.S. Federal Tier 1 diesel emission standards that represent PM and NOx emission levels that are approximately an order of magnitude higher than the levels measured from the Toyota Avensis DPNR. 
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DPNR demonstrated improved fuel economy when compared to the highest fuel economy conventional gasoline vehicles sold in the U.S. for the 2002 model year
